3 JVI Accepted Manuscript Posted Online 22 November 2017 
GS) J. Virol. doi:10.1128/JV1.01463-17 
(ja) Copyright © 2017 American Society for Microbiology. All Rights Reserved. 
2?) 
0d) 
ajo 
(7 9) 
O 
= 1 Inhibition of cytosolic phospholipase A2a impairs an early step of coronavirus 
=). 
<= 2 replication in cell culture 
s 
= 3 
e) 
> 4 Christin Miller’, Martin Hardt*, Dominik Schwudke®, Benjamin W. Neuman’, Stephan 
ac 5 Pleschka', and John Ziebuhr™ 
ajo 
oO. 
(4b) 6 
: 
<—{ 7 "Institute of Medical Virology, Justus Liebig University Giessen, 35392 Giessen, Germany 


8 Imaging Unit, Biomedical Research Center, Justus Liebig University Giessen, 35392 Giessen, 


9 Germany 
10 ’Division of Bioanalytical Chemistry, Priority Area Infection, Research Center Borstel, 
11 Leibniz Center for Medicine and Bioscience, 23845 Borstel, Germany 
12 “Texas A&M University, Texarkana, TX 75503, USA 
13 


14 ~~ Running Title: Role of cytosolic phospholipase Aza in coronavirus replication 


16 Correspondence to: 


> 
D 
i 
O 
— 
> 
eae 
fo) 
ie) 
= 
_ 
— 
fe) 
=. 


17. ~John Ziebuhr, Institute of Medical Virology, Justus Liebig University Giessen, 
18  Schubertstr. 81, 35392 Giessen, Germany 

19 Tel: +49 (0) 641 99 41200 

20 Fax: +49 (0) 641 99 41209 


21 E-Mail: john.ziedbuhr@viro.med.uni-giessen.de 


23. Abstract: 246 words, Importance: 150 words 
24 Main text: 7013 words 


25 +Figures: 9; Supplemental information: 2 tables 


27 


28 


Journal of Virology 


FJILSVOMGN GO AINN Aq ZLOZ ‘G2 JeQqueAoN UO /Hio"WseIAl//:dyy Wo1 pepeojuMoGg 


O) 
= 
6 
xe 
ec 
VY) 
O 
OW 
tou 
= 
O 
WY) 
> 
= 
= 
=o 
we 
O 
D 
UO 
Ss 
< 


Journal of Virology 


Journal of Virology 


29 


30 


31 


32 


33 


34 


35 


36 


37 


38 


39 


40 


41 


42 


43 


44 


45 


46 


47 


48 


49 


50 


51 


52 


Abstract 


Coronavirus replication is associated with intracellular membrane rearrangements in infected 
cells, resulting in the formation of double membrane vesicles (DMV) and other membranous 
structures that are referred to as replicative organelles (RO). The latter provide a structural 
scaffold for viral replication/transcription complexes (RTC) and help to sequester RIC 
components from recognition by cellular factors involved in antiviral host responses. There is 
increasing evidence that plus-strand (+) RNA virus replication, including RO formation and 
virion morphogenesis, affects cellular lipid metabolism and critically depends on enzymes 
involved in lipid synthesis and processing. Here, we investigated the role of cytosolic 
phospholipase Aza (CPLA2sa) in coronavirus replication using a small-molecular-weight non- 
peptidic inhibitor (Py-2). Inhibition of CPLAsa activity, which produces lysophospholipids 
(LPL) by cleaving at the sn-2 position of phospholipids, had profound effects on viral RNA 
and protein accumulation in human coronavirus 229E-infected Huh-7 cells. Transmission 
electron microscopy revealed that DMV formation in infected cells was significantly reduced 
in the presence of the inhibitor. Furthermore, we found that (i) viral RTCs colocalized with 
LPL-containing membranes, (ii) cellular LPL concentrations were increased in coronavirus- 
infected cells and (iil) this increase was diminished in the presence of cPLAsa inhibitor Py-2. 
Py-2 also displayed antiviral activities against other viruses representing the Coronaviridae 
and Jogaviridae families, while members of the Picornaviridae were not affected. Taken 
together, the study provides evidence that cPLAza activity Is critically involved in the 
replication of various +RNA virus families and may thus represent a candidate target for 


broad-spectrum antiviral drug development. 
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Importance 


Examples of highly conserved RNA virus proteins that qualify as drug targets for broad- 
spectrum antivirals remain scarce, resulting in increased efforts to identify and specifically 
inhibit cellular functions that are essential for the replication of RNA viruses belonging to 
different genera and families. The present study supports and extends previous conclusions 
that enzymes involved in cellular lipid metabolism may be tractable targets for broad- 
spectrum antivirals. We obtained evidence to show that a cellular phospholipase, cPLA2qa, 
which releases fatty acid from the sn-2- position of membrane-associated 
glycerophospholipids, is critically involved in coronavirus replication, most likely by producing 
lysophospholipids that are required to form the specialized membrane compartments at 
which viral RNA synthesis takes place. The importance of this enzyme in coronavirus 
replication and DMV formation is supported by several lines of evidence, including confocal 
and electron microscopy, viral replication and lipidomics studies of coronavirus-infected cells 


treated with a highly specific cPLAs« inhibitor. 
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Introduction 

Coronavirinae are a subfamily of enveloped, positive-sense (+) RNA viruses in the family 
Coronaviridae that, together with the Arteri-, Roni-, and Mesoniviridae, belongs to the order 
Nidovirales (1, 2). Coronavirus infections in humans are mainly associated with (common 
cold-like) upper respiratory tract infections and are caused by 4 coronavirus species that 
have been classified as members of the genera Alphacoronavirus (Human coronavirus 229E 
[HCoV-229E], Human coronavirus NL63 [HCoV-NL63]) and Betacoronavirus (Human 
coronavirus OC43 [HCoV-0OC43], Human coronavirus HKU1 [HCoV-HKU1]) (1, 3). In 
contrast to these common human coronaviruses, infections with zoonotic coronaviruses, 
such as severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV) (4, 5) and 
Middle East respiratory syndrome (MERS) coronavirus (MERS-CoV) (6), may lead to much 
more severe or even fatal respiratory disease in humans as illustrated by the SARS outbreak 
in 2002/2003 (5, 7) and, more recently, a significant number of cases with acute respiratory 


distress syndrome caused by MERS-CoV, which have been recorded over the past 5 years 


(8). 


Similar to other +RNA viruses, coronavirus replication involves extensive membrane 
rearrangements in infected cells, resulting in the formation of large, organelle-like “virus 
factories” to which the multi-subunit viral replication/transcription complexes (RITCs) are 
anchored (reviewed in (9, 10)). These replicative organelles (ROs) are thought to provide a 
structural scaffold for the viral RNA synthesis machinery and contribute to sequestering 
components of this machinery from host defense mechanisms, suggesting important roles for 
ROs in viral replication (9, 11-13). RO formation in coronavirus-infected cells requires three 
replicase gene-encoded nonstructural proteins (nsp), called nsp3, nsp4, and nsp6, that all 
contain conserved transmembrane domains (14-17). Electron microscopy/tomography 
studies revealed that coronavirus-induced membrane rearrangements result in multiple 
paired-membrane structures, including double membrane vesicles (DMVs) and convoluted 


membranes that appear to be connected to the rough endoplasmic reticulum (ER) (18-24). 
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These ROs show remarkable parallels among different +RNA viruses that, for example, 
belong to the Flaviviridae, Picornaviridae, and Togaviridae families and perhaps also DNA 
viruses that replicate in the cytoplasm, such as Poxviridae (11, 25). The molecular 
mechanisms and factors involved in the formation of these membranous structures are 
poorly understood and the roles of specific membrane structures, lipid and protein 
components, and enzymes involved in their production remain to be studied in more detail. 
Consistent with the ER being the most likely membrane donor for coronaviral DMVs, cellular 
factors associated with ER-to-Golgi trafficking and early secretory pathways (e.g., PDI, 
Sec61a, EDEM1, OS-9) have been reported to be involved in SARS-CoV and mouse 
hepatitis virus (MHV)-induced RTC formation (22, 26, 27). Also, a potential role of autophagy 
in coronaviral DMV formation has been discussed, even though a number of conflicting data 
make it difficult to draw definitive conclusions at this stage (28). At least partly, the observed 


differences may be related to different cell lines and viruses used in these studies (29). 


Given the major membrane rearrangements occurring in virus-infected cells, enzymes 
involved in cellular lipid metabolism have been suggested to play a major role in this process. 
In line with this, fatty acid synthase (FASN), which is a key enzyme in the fatty acid 
biosynthetic pathway, was shown to be recruited to Dengue virus (DENV) replication 
complexes (30). Moreover, pharmacological inhibition of FASN by trans-4-carboxy-5-octyl-3- 
methylenebutyrolactone (C75) or cerulenin resulted in impaired DENV, hepatitis C virus 
(HCV), West Nile virus (WNV), yellow fever virus (YFV), and vaccinia virus (VV) replication 


(30-35). 


In this work, we extend these studies by reporting an essential role for cytosolic 
phospholipase Aza (CPLAsza) in the production of DMV-associated coronaviral RTCs. This 
enzyme belongs to the phospholipase Az (PLA2) superfamily of lipolytic enzymes, which 
(among several other families) includes the secretory PLA»s (sPLA,), Ca**-independent 


PLAos (iPLA2), and Ca**-dependent cytosolic PLA2s (cPLA;), with the latter including cPLA: 
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(36, 37). PLAss catalyze the hydrolysis of glycerophospholipids at the sn-2 ester bond, 
generating a free fatty acid and a lysophospholipid (LPL) (37, 38). cPLAsa has a molecular 
mass of 85 kDa and preferentially hydrolyzes phospholipids that carry arachidonic acid (AA) 
at the sn-2 position. The activity of cPLAsa and its translocation to intracellular membranes is 
regulated by Ca** binding and phosphorylation at Ser-505 by mitogen-activated protein 
(MAP) kinase (39). In a previous study, cPLAsa activity was shown to be critically involved in 
the production of infectious progeny of HCV and DENV, while the activity was dispensable 
for vesicular stomatitis virus (VSV), a member of the Rhabdoviridae, suggesting distinct 
requirements for this lipolytic enzyme in the replication and assembly of different families of 


RNA viruses (40). 


In this study, we report that the specific inhibition of cPLA activity has detrimental effects 
on coronavirus replication. In the presence of pyrrolidine-2 (Py-2, compound 4d, (41)), a 
highly specific inhibitor of CPLAsa, the formation of DMVs and DMV-associated RTCs was 
significantly reduced in HCoV-229E-infected Huh-7 cells. Also, viral protein and RNA 
accumulation and production of infectious virus progeny was drastically diminished in the 
presence of non-cytotoxic concentrations of Py-2. Moreover, viral RT'Cs were shown to 
colocalize with LPL-containing membrane structures using confocal microscopy. Lipidomics 
studies revealed that LPL concentrations are increased in coronavirus-infected cells and that 
this phenotype is suppressed by Py-2. Taken together, our data suggest that LPLs produced 
by cPLAza may be involved in DMV formation. The study also shows that cPLAza activity is 
required for efficient replication of MERS-CoV and Semliki forest virus (SFV), while poliovirus 
(PV), human rhinovirus 1A (HRV1A), VV, and influenza A virus (IAV) replication was not 
affected in the presence of the cPLA2a inhibitor. In summary, our data lead us to conclude 
that cPLAsa is an important cellular factor acting at specific steps of the replication cycle of 


viruses from different +RNA virus families. 
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Material and Methods 

Cells and viruses 

Human hepatoma cells (Huh-7), human lung fibroblasts (MRC-5), African green monkey 
kidney cells (Vero and CV-1), baby hamster kidney cells (BHK-21), human lung epithelial 
cells (A549), human bronchial epithelial cells (BEAS-B2), human cervix epithelial cells 
(HeLa) and Madin Darby canine kidney cells (MDCK-II) were grown in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml 
penicillin and 100 ug/ml streptomycin at 37 °C and in an atmosphere containing 5% COs. 
HCoV-229E, HRV1A, influenza virus A/Giessen/06/09 (H1iN1), SFV, PV type 1 (strain 
Mahoney) and VV (strain WR) were obtained from the virus collection of the Institute of 
Medical Virology, Giessen, Germany. MERS-CoV (EMC/2012) was kindly provided by 


Christian Drosten, Bonn, Germany. 


Drugs and assays 

The cell-permeable pyrrolidine derivative Py-2 (C4gHq4FeN4O5S, 840 g/mol; cat. no. 525148), 
a highly specific cPLAsa inhibitor, was purchased from Merck Millipore (compound 44d; (41). 
Arachidonyltrifluoromethane (AACOCF8, C2;H3;F30, 356.5 g/mol), an analog of AA that 
inhibits CPLA» by direct binding (42), was obtained from Santa Cruz Biotechnology. The MEK 
inhibitor U0126 and the p38 MAPK inhibitor SB202190 were purchased from Selleckchem. 
The lipoxygenase inhibitor 2-(1-Thienyl)ethyl 3,4-dihydroxybenzylidenecyanoacetate (TEDC-2) 
was purchased from Tocris Bioscience. Compounds were stored at 4 °C as 2 mM (Py-2), 10 
mM (AACOCFS8), 20 mM (SB202190) and 50 mM (U0126, TEDC-2) stock solutions, 


respectively, in dimethyl sulfoxide (DMSO). 


Cell viability in the presence of specific drugs was determined in a 96-well format by MTT 
assay (43). Briefly, nearly confluent cell monolayers were incubated with cell culture medium 
containing the respective drug at the indicated concentration. At the indicated time points, the 
culture medium was replaced with 200 ul MTT mix (DMEM containing 10% FBS and 175 
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ug/ml tetrazolium bromide, Sigma). Following incubation for 90 min at 37 °C, the cells were 
fixed with 3.7% paraformaldehyde (PFA, Roth) in PBS for 30 min. Then, the fixing solution 
was removed and 200 ul isopropanol was added to each well. Formazan formation was 


measured by determining the absorbance at 490 nm using a spectrophotometer (BioTek). 


To determine antiviral effects of drugs, confluent cell monolayers of Huh-7 (for HCoV-229E, 
MERS-CoV, VV), MRC-5 and BEAS-B2 (for HCoV-229E), HeLa (for HRV1A), BHK-21 (for 
SFV), A549 (for IAV H1N1) and Vero (for PV, MERS-CoV) cells, respectively, were infected 
at a multiplicity of infection (MOI) of 3. After 2 h, the virus inoculum was removed, cells were 
rinsed with phosphate-buffered saline (PBS) and fresh medium containing the indicated 
concentrations of Py-2 and AACOCFS3, respectively, or DMSO (solvent control) was added. 
At 12 h p.i., the cell culture supernatant was collected. Antiviral activities of SB202190, 
TEDC-2 and U0126 were determined using identical conditions except that cell culture 
supernatants were collected at 24 h p.i. in this case. After short-term storage at -80 °C, the 


cell culture supernatants were used for virus titration. 


Virus titration 

Focus-forming assays were used to determine titers of IAV and coronaviruses. Briefly, Huh-7 
(for CoVs) or MDCK (for IAV H1N1) cells were seeded in 96-well plates. At 90% confluency, 
the medium was removed, the cells were washed with PBS++ (PBS containing 1 mM MgClo, 
0.9 mM CaCl.) and inoculated for 1 h at 33 °C with 10-fold serial dilutions of virus-containing 
cell culture supernatants in PBS++/BA/P/S (PBS containing 0.2% bovine serum albumin 
[BSA], 1 mM MgCls, 0.9 mM CaCls, 100 U/ml penicillin and 100 mg/ml streptomycin). Next, 
the virus inoculum was replaced with Minimum Essential Medium (MEM) containing 1.25% 
Avicel (FMC Biopolymer) for 24-48 h. For IAV, 1 ug/ml trypsin was included in this medium. 
Next, the Avicel-containing medium was removed, cells were washed with PBS and then 
fixed and permeabilized for 30 min with PBS containing 3.7% PFA and 1% Triton X-100. The 


cells were washed again with PBS and incubated with 50 ul of the appropriate primary 
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antibody solution: anti-HCoV-229E-N mouse monoclonal antibody (mAb) (M.30.HCo.I1E7, 
INGENASA, 1:5000 dilution), rabbit anti- MERS-CoV-N polyclonal antiserum (100211-RP02- 
50, Sinobiological Inc., 1:200) and mouse anti-IAV-NP mAb (1:6000, kindly provided by S. 
Ludwig, Munster), respectively, each diluted in PBS containing 0.1% Tween 20 (PBST). 
Following incubation for 1 h at room temperature, the cells were washed 3 times and 
incubated with the appropriate secondary antibody (goat anti-mouse IgG-HRP [sc-2005] or 
goat anti-rabbit IgG-HRP [sc-2004], Santa Cruz Biotechnology, 1:1000 in PBST) for 1 h at 
room temperature. The cells were washed again with PBS, stained with AEC staining kit 


(Sigma), air dried, and focus numbers were determined. 


To determine virus titers by plaque assay, Huh-7 (for HCoV-229E, MERS-CoV), HeLa (for 
HRV1A), Vero (for PV), CV-1 (for VV) and BHK-21 (for SFV) cells, respectively, were seeded 
in 6-well plates and inoculated with 10-fold serial virus dilutions in PBS++/BA/P/S for 1 h. 
Next, the virus inoculum was replaced with Avicel-containing medium (see above). At 2-4 d 
p.i., the medium was removed and cells were washed with PBS and fixed with 3.7% PFA in 
PBS. The cell monolayer was stained with 0.15% crystal violet in PBS and plaques were 


counted. 


Western blot analysis 

Huh-7 cells were infected with HCoV-229E at an MOI of 3 and incubated in medium 
containing the indicated concentrations of cPLAsa inhibitor or DMSO (solvent control). At 12 
h p.i., the cells were lysed in Triton lysis buffer (TLB: 20 mM Tris-HCl, pH 7.4, 137 mM NaCl, 
10% glycerol, 1% Triton X-100, 2 mM EDTA, 50 mM sodium glycerophosphate, 20 mM 
sodium pyrophosphate, 5 ug/ml aprotinin, 5 ug/ml leupeptin, 1 mM sodium vanadate, 5 mM 
benzamidine). Proteins were separated by SDS-polyacrylamide gel electrophoresis (PAGE) 
in a 10% gel and transferred onto a 0.45 um pore-size nitrocellulose membrane (Protran, 
Amersham). Membranes were incubated for 1 h at room temperature with appropriate 


primary antibodies diluted in PBS containing 3% BSA: mouse anti-HCoV-229E-N-specific 
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mAb (1:1000, M.30.HCo.I1E7, INGENASA); HCoV-229E nsp8-specific rabbit serum (1:1000) 
(44), mouse anti-B-actin mAb (1:10.000, ab8226, Abcam) and rabbit anti-B-actin polyclonal 
antibody (1:10.000, ab8227, Abcam). After extensive washing with PBS, the membrane was 
incubated with goat anti-rabbit IRDye 800CW (1:10.000, 926-32211, LI-COR) and goat anti- 
mouse IRDye 680CW (1:10.000, 926-68070, LI-COR) polyclonal antibodies for 1 h at room 
temperature. After another wash step, the membranes were dried and the immunostained 
proteins were analyzed and quantified using a LI-COR Odyssey imaging system and 


software. 


Northern blot analysis of intracellular viral RNA 

Total cellular RNA from infected cells was isolated by using TRIzol reagent (ThermoFisher 
Scientific) according to the manufacturer's instructions, and Northern hybridization was done 
as described previously (45) using a [*P]-labeled DNA probe specific for HCoV-229E 


nucleotides 26857-27235. 


Immunofluorescence analysis of viral RTCs 

Huh-7 cells were infected with HCoV-229E at an MOI of 3 and incubated in medium 
containing 20 uM Py-2 or DMSO (solvent control). At, 12 p.i., the cells were fixed and stained 
with mouse anti-dsSRNA mAb (1:100, J2, SCICONS English & Scientific Consulting Kft.), 
mouse anti-HCoV-229E-N mAb (1:100, M.30.HCo.I1E7, INGENASA) and rabbit anti- HCoV- 
229E-nsp8 polyclonal antiserum (1:100) (44). As secondary antibodies, Alexa Fluor 594 goat 
anti-mouse IgG (H+L) and Alexa Fluor 488 F(ab’)2-goat anti-rabbit IgG (H+L) (1:500; 
A11005, A11070, Invitrogen) were used. Antibodies were diluted in PBS containing 3% BSA. 
For colocalization studies of viral RTCs with lysophospholipids produced by cellular PLA» 
activities, Huh-7 cells were treated with the fluorogenic PLA» substrate, Red/Green BODIPY 
phospholipid PC-A2 (A10072, Invitrogen), according to the manufacturer's instructions. 
Briefly, 30 ul of 10 mM DOPC (Avanti Polar Lipids), 30 ul of 10 mM DOPG (Avanti Polar 


Lipids), and 30 ul of 1 mM PC-A2 (each prepared using ethanol as solvent) were mixed. 77 


10 
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ul of this ethanolic lipid mix was injected under rapid stirring into 5 ml of buffer containing 50 
mM Tris-HCl, 100 mM NaCl, 1 mM CaClso (oH adjusted to 8.9). Next, this liposomally 
incorporated substrate mix was added to the cells for 15 min at 10°C. Thereafter, the cells 
were infected with HCoV-229E with an MOI of 3. At 12 hp.i., the cells were fixed and stained 
using a dsRNA-specific mAb (see above). Colocalization studies of dsRNA with newly 
synthesized RNA were done according to Hagemeijer et al. (20). Briefly, Huh-7 cells grown 
on glass coverslips were infected with HCoV-229E at an MOI of 3. At 2 h p.i., the virus 
inoculum was replaced with medium containing 20 uM Actinomycin D (Sigma) to block 
cellular DNA-dependent RNA synthesis. At 11 h p.i., 1 mM 5-ethynyl uridine (5-EU; 
Invitrogen) was included in the medium. At 12 h p.i, the cells were fixed with 3.7 % PFA in 
PBS and permeabilized using 0.1 % Triton X-100. Incorporation of the alkyne-modified 
uridine analog, 5-EU, was visualized using click chemistry according to the manufacturer's 
instructions (Click-iT RNA Alexa Fluor 594 Imaging Kit, Invitrogen). In addition, the cells were 


stained using a dSRNA-specific antibody as described above. 


Images were acquired by confocal laser-scanning microscopy (Leica TCS SP5, Leica). For 
colocalization analysis, hardware prerequisites and settings were carefully observed. For 
imaging, a 63x Plan-Apochromate objective (A corrected; NA = 1.4) was used and the 
pinhole aperture was set to 1 airy unit (AU = 1), resulting in an optical section thickness of 
0.772 um. Intensities of laser lines used for excitation were kept rather low to minimize 
possible bleaching effects. Gain and offset of the PMTs were optimized for each channel 
using lookup table (LUT) functions in order to adapt thresholds and to prevent clipping of 
high-intensity signals. The frames of the different channels were recorded sequentially and 
care was taken to ensure clear spectral separation of the signals analyzed and to exclude 


any crosstalk and bleedthrough between channels. 


Data were processed using the Imaris 8.4 software package (Bitplane). Colocalization 
analysis of dSRNA_ signals with signals of PC-A2 and cPLAsa-mediated cleavage 


products was based on correlating intensities in the different channels according to 
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Pearson's colocalization coefficient (PCC), taking advantage of PCC being highly 
independent from background levels and signal brightness (46). Values of 1, -1, and O 
indicate perfect colocalization, strict exclusion and random localization, respectively, as 
described previously (47-50). Colocalization volumes and rates were calculated for total 


images using automated threshold settings (51). 


Electron microcopy 

Huh-7 cells were grown on ACLAR film (Agar Scientific). Following infection with HCoV-229E 
at an MOI of 3 (or mock infection) for 2 hours, the cell culture medium was replaced with 
fresh medium containing 20 uM Py-2 (or the appropriate amount of DMSO as a control). 
After 12 h, at 33 °C, the cell culture medium was removed. The cells were washed with PBS 
and fixed with 3% formaldehyde and 1% glutaraldehyde in 0.1M PBS and post fixed in 1% 
osmium tetroxide. After incubation in 1% aqueous uranyl acetate (Polysciences), specimens 
were dehydrated in an ethanol series (30, 50, 70, 80, 90, 96, 100% [v/v], 20 min each) and 
embedded in Epon (Serva). From the blocks cured by heat silver-to-gold ultrathin sections 
were cut and subsequently contrasted in uranyl acetate and lead citrate. Ultrathin sections 
were inspected in the TEM (EM912a/b - ZEISS) at 120kV under zero-loss conditions and 
images were recorded at slight underfocus using a cooled 2k x 2k slow-scan ccd camera 
(SharpEye / TRS) and the iTEM package (Olympus-SIS). All experiments were done in 
biological duplicates. For statistical analysis, at total of >100 ultrathin sections from different 


cells were analyzed in each experiment. 


Lipidome analysis 

Huh-7 cells were mock infected or infected with HCoV-229E at an MOI of 3 and incubated in 
medium containing (or lacking) Py-2 (20 uM, 2-12 h p.i.). As additional controls, (i) 
untreated/mock-infected cells and (ii) cells inoculated with UV-inactivated HCoV-229E were 
used. UV-inactivated virus was obtained by exposing an aliquot of the same virus stock to 


UV light (Philips, TUV 15W/G15 T8) for 3 h. Inactivation of virus infectivity was confirmed by 
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plaque assay. At 12 h p.i., cells were collected and subjected to cellular lipidome analysis. 
Briefly, lipids were extracted using methyl-tert-buty! ether as described earlier (52) and 
analyzed using a Q-Exactive Plus (Thermo Scientific) using the shotgun lipidomics approach 
and LipidXplorer (53-56). Lipids were quantified using an internal standard mix 
(Supplemental Table 2) following the lipidomics screen approach. Lipid abundances were 
calculated using the respective standards and normalized to cell number (Supplemental 
Tables 1 and 2). Experiments were performed using 8 biologically independent replicates for 
each group except for the group of HCoV-229E-infected, untreated cells (7 replicates). 


Statistics analyses were done using the two-tailed unpaired Student's f test. 
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Results 


cPLAza activity is required for HCoV-229E replication 

CPLAsa inhibition by Py-2 (20 uM) was previously reported to reduce the production of 
infectious virus progeny of different members of the Flaviviridae, as shown for HCV and 
DENV (40). We now investigated if Py-2 also affects the replication of other +RNA viruses, 
such as coronaviruses (using HCoV-229E and MERS-CoV). First, we sought to confirm that 
Py-2 has no cytotoxic effects in Huh-7, MRC-5 and BEAS-B2 cells at concentrations shown 
previously to have strong antiviral affects (40). We found that cell viability was not affected by 
Py-2 concentrations of up to 40 uM (Fig. 1A). Next, we determined the effect of Py-2 on 
HCoV-229E reproduction. As shown in Fig. 1B, treatment with Py-2 resulted in reduced viral 
titers in a dose-dependent manner, with nearly 100-fold reduction of HCoV-229E titers 
produced from Huh-7 cells treated with 20 uM Py-2. HCoV-229E replication in the presence 
of 20 uM Py-2 was also found to be reduced using MRC-5 (Fig.1C) and BEAS-B2 (Fig.1D) 
cells, suggesting that the observed antiviral effect of Py-2 is not cell type specific. As shown 
in Fig. 1E, the reduced production of infectious virus progeny at 12 h p.i. could also be 
confirmed for later time points (15, 21, 24 h) p.i., suggesting a profound inhibition (rather than 


delay) of viral replication by this cPLAz inhibitor. 


In line with the Py-2 inhibition data, a second cPLAz inhibitor, AACOCF3, was confirmed to 
reduce HCoV-229E replication at non-toxic concentrations (Fig. 2A, B). Most likely, the 
slightly lower efficacy of AACOCFS resulted from its lower specificity as discussed earlier 
(40). Similar antiviral effects on HCoV-229E replication were also observed for inhibitors of 
p38 MAP kinase and MEK, two important activators of cPLAsa (Fig. 2C), but not for inhibitors 
of enzymes acting downstream of cPLAsa in arachidonic acid (AA)-dependent pathways, 
such as cyclooxygenases 1/2 (COX 1/2) and lipoxygenase (LOX) (Fig. 2D;(57)), that 


metabolize AA to produce important inflammation mediators. Taken together, the data 
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support a critical role of (activated) cPLAza in HCoV-229E replication, suggesting that this 


lipolytic enzyme has a more general role in +RNA virus replication than previously thought. 


To identify critical steps of the coronavirus life cycle that are affected by cPLA2«a inhibitors, 
we characterized viral protein accumulation in infected cells by Western blotting and 
immunofluorescence analysis. As shown in Fig. 3 (A, B), accumulation of HCoV-229E 
structural (N) and nonstructural (nsp8) proteins was reduced in the presence of the drug, with 
nearly no viral proteins being detectable at 20 uM Py-2. In line with this, we found a 
significantly reduced accumulation of viral RNAs in infected cells treated with the cPLAsa 
inhibitor (Fig. 3C). These data suggest that, unlike the situation in HCV and DENV (40), 
cCPLAsa activity may be required for an early step in coronavirus replication. To investigate if 
viral entry or other early steps in viral replication are affected by the drug, we performed a 
time-of-addition experiment (Fig. 3D). For this purpose, Py-2 (20 uM) was included in the cell 
culture medium during virus adsorption (until 2 h p.i.) or at later time points p.i. (between 2-6, 
4-8, 6-10, and 8-12 h p.i., respectively). To determine the total infectious virus progeny 
produced until 12 h p.i. (with Py-2 being added at different time points), cell culture 
supernatants collected over time for a given experiment were pooled and virus titers were 
determined by focus-forming assay. The presence of Py-2 in the culture medium between 0 
and 2 hp.i. had no effect on virus titers, indicating that cPLAsa activity is not required for viral 
entry. In contrast, the presence of Py-2 between 2-6 h p.i. caused a massive reduction of 
virus titers, while less profound effects were observed if the drug was present in the culture 
medium later in infection (Fig. 3D). The observed time-dependent effects of Py-2 on the 
production of infectious HCoV-229E progeny lead us to suggest that cPLA»sa activity is 


important for an early step of coronavirus replication but not for entry itself. 


CPLAga inhibition prevents the formation of viral RTCs 
As described above, a profound antiviral effect was observed for Py-2 when given between 2 
and 6 h p.i., suggesting that the formation of RTCs and their integration into rearranged 
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cellular membranes may be affected by the drug. We therefore investigated potential effects 
of Py-2 on the formation of ROs in HCoV-229E-infected cells. Coronavirus RITCs are known 
to produce a typical perinuclear staining pattern when analyzed by immunofluorescence 
microscopy using reagents that detect double-stranded (ds) RNA and viral replicative 
proteins. In the presence of 20 uM Py-2, the typical punctate perinuclear staining described 
previously for HCoV-229E RIC components in virus-infected cells (44, 58) was greatly 
diminished (Fig. 4). The profound reduction in both size and numbers of viral ROs was even 
more evident in 3D reconstructions of Z-stacks obtained from infected/untreated and 


infected/treated cells, respectively (Fig. 5A). 


Although dsRNA and replicase gene-encoded nsps are accepted to be key components of 
viral RTCs and, therefore, have been widely used as markers to localize intracellular sites of 
viral RNA synthesis, a number of betacoronavirus studies showed that (i) dSRNA, (ii) newly 
synthesized RNA, (iii) RTC components and (iv) (some) virus-induced membrane 
compartments may not always colocalize perfectly, particularly, at later time points p.i. (20, 
24). We therefore decided to perform an additional experiment to answer the question of 
whether dsRNA and nascent RNA are equally suitable for detecting intracellular sites of RNA 
synthesis at 12 h p.i., that is, the time point used in the present study for HCoV-229E- 
infected Huh-7 cells. To this end, we conducted an immunofluorescence study of nascent 
RNA synthesis by click chemistry using the uridine analog 5-EU (59) and (co-)stained the 
sites of dsRNA accumulation using a dSRNA-specific antibody. As shown in Fig. 5B, we were 
able to show that dSRNA and nascent RNA colocalize very well, suggesting that (most) 
dsRNA-containing structures represent ROs actively engaged in viral RNA synthesis, at 
least, at this particular time point. Taken together, our data lead us to suggest that the 
formation of DMV-associated RTCs in HCoV-229E-infected cells is reduced in Py-2-treated 


cells. 
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To further corroborate this hypothesis, we studied DMV formation by transmission electron 
microscopy (Fig. 6). Intracellular virions (ICVs) were detected in approximately 50% of the 
cells analyzed per section and DMVs were found in approximately 40% of the cells analyzed 
per section in HCoV-229E-infected Huh-7 cells at 12 h p.i. (Fig. 6A, B, and E). In contrast, 
significantly less DMVs were detected if the virus-infected cells were treated with Py-2 (Fig. 
6C and D), with only 20% of the cells containing DMVs and 10-15% containing ICVs (Fig. 
6E). In infected/untreated cells, we regularly observed DMV clusters of around 15 DMVs. As 
a result of Py-2 treatment, the number of DMVs per cell section dropped significantly to about 
5 DMVs per cell (Fig. 6F). This phenotype was most evident in cells treated with Py-2 early in 
infection, starting at 2 p.i.. There was no major difference observable between cells treated 
with Py-2 for 5 and 10 hours, respectively (compare 2-7 and 2-12 p.i.; Fig. 6E and F). In both 
cases, the numbers of DMVs and ICVs per cell were significantly reduced. In contrast, if 
CPLAza activity was inhibited at later time points p.i. (between 7 and 12 h p.i.), DMV 
formation was not significantly affected compared to untreated HCoV-229E-infected cells. 
The data suggest an important role for cPLA»sa activity in the process of DMV formation 
occurring early in infection, while this activity appears to be less critical if sufficient numbers 


of DMVs have already been formed (Fig. 6E and F). 


Colocalization of coronavirus RTCs with LPLs 

cPLAza cleaves glycerophospholipids at the sn-2 position, generating an LPL and releasing 
AA. The latter is a key inflammatory intermediate and important precursor that is metabolized 
by multiple enzymes including cyclooxygenases (COX) 1/2 and 5-lipoxygenase (LOX), 
leading to the production of prostaglandines, thromboxanes, leukotrienes and many other 
inflammation mediators. As shown in Fig. 2D and a previous study (57), we failed to obtain 
evidence for anti-coronaviral activities of LOX and COX 1/2 inhibitors, arguing against a 
major role of AA (and its downstream metabolites) in coronavirus replication. We therefore 
considered it more likely that the other product of PLAsa activity (i.e., the LPL) has a role in 


supporting viral replication, for example, by providing specific lipid components required to 
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form viral ROs. To address the latter possibility, we made use of a fluorogenic 
phosphatidylcholine (PC-A2) with (quenched) fluorophores attached to each of the two fatty 
acids. Following liposome-mediated uptake of PC-A2 and cPLAza-mediated cleavage of the 
fatty acid attached to the sn-2 position of this fluorogenic substrate, the subcellular 
localization of the resulting LPL was monitored by confocal laser-scanning microscopy. To 
investigate a possible colocalization of LPLs and viral RTCs, PC-A2-treated and infected 
cells were fixed and a dSRNA-specific antibody was used as a marker for RITCs. As shown in 
Fig. 7, viral RI'Cs were detected with their typical perinuclear staining pattern (see also Fig. 
4). A careful inspection revealed that, although the LPL and dsRNA clusters, respectively, 
vary with respect to size and spatial distribution, there was a high degree of colocalization of 
dsRNA with LPL signals (but not vice versa), which is also supported by our calculations of 
PCCs and colocalization rates. This colocalization of RTCs with LPLs is also illustrated by 
the signals displayed in the extra ‘colocalization channel’ shown to the right (Fig. 7, right 
column), with colocalization signals strongly resembling the signals obtained for the dsRNA 
clusters alone. The high colocalization rates and PCC values revealed by our analysis 
strongly support the hypothesis that LPLs produced by cPLAza are integral parts of DMVs. It 
should also be noted that the colocalization rates indicated in Fig. 7 are based on an 
automated and rather cautious method of calculation (see Materials and Methods). LPL 
signals that do not colocalize with dsRNA presumably originate from other intracellular 


membrane structures, such as endocytotic vesicles. 


Lipidome analysis of infected cells 

To gain more insight into the roles of lipids in coronavirus replication and DMV formation, we 
performed comparative lipidome analyses of (i) Huh-7 cells, (il) Huh-7 cells incubated with 
UV-inactivated HCoV-229E, (iii) Huh-7 cells infected with HCoV-229E and (iv) Huh-7 cells 
infected with HCoV-229E and treated with Py-2, and (v) Huh-7 cells treated with Py-2 (Fig. 
8). Lipids were isolated at 12 h p.i., at a time when, under optimal conditions, DMVs have 


been formed (Figs. 4, 5, and 6) and large amounts of viral genomic and subgenomic RNAs 
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have been produced (Fig. 3C). We monitored the abundances of 359 lipids of 14 classes 


covering membrane lipid classes and neutral lipids (Supplemental Tables 1 and 2). 


The study provided evidence that a number of changes in the cellular lipidome occur in 
HCoV-229E-infected cells when compared to both the mock control and cells incubated with 
UV-inactivated HCoV-229E. Our data revealed no significant change in the total abundance 
of membrane lipids (Fig. 8A) and neutral lipids (triacylglycerols, diacylglycerols, and 
cholesterylesters) (Fig. 8B). We however observed that Py-2 treatment reduced the 
abundance of membrane lipids by approximately 25 percent, when compared to (untreated) 
HCoV-229E-infected or mock-infected cells (Fig. 8A). Further analyses of the lipid profiles 
revealed that the phosphatidic acid (PA) abundance was decreased in Py-2-treated and in 
HCoV-229E-infected Huh-7 cells at 12 h p.i. (Fig. 8C). For ceramides (Cer), an increased 
abundance was detected in Py-2-treated and in HCoV-229E-infected cells (Fig. 8D). 
However, Py-2 treatment of infected cells did not alter the ceramide content any further, 
suggesting that Cer- and PA-associated metabolic pathways in HCoV-229E-infected cells 


are not (or only marginally) affected by the cPLAzsa activity. 


For many lysophospholipid species (LPL), most prominently lysophosphatidylethanolamine 
(LPE) and lysophosphatidylinositols (LPI), a correlation between Py-2 treatment and 
inhibition of viral replication and lipid quantities was observed (Fig. 8E, Supplemental Table 
1). The total cellular LPL content was found to be reduced upon treatment with Py-2, 
supporting a specific role of cPLAsa in generating these LPLs. For HCoV-229E infected cells, 
the LPL content was increased in comparison to cells incubated with UV-treated HCoV- 
229E, indicating that increased LPL production occurs after viral entry and requires a 
replication-competent virus. Additionally, inhibition of cCPLAsa activity in HCoV-229E-infected 
cells suppressed the replication-associated increase of LPLs, resulting in an LPL content that 
was similar to that (i) of cells inoculated with UV-treated HCoV-229E and (ii) the mock 


control. Finally, we found a correlation between the cellular phosphatidylglycerol (PG) 
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content and viral replication (Fig. 8F). The level of PG was 2-fold increased in HCoV-229E- 
infected cells while Py-2 treatment during viral infection resulted in a PG level similar to the 
control (UV-inactivated virus). Py-2 treatment alone had a minor effect on (total) PG 
abundances. However, PG species with shorter acyl chain lengths, such as PG 30:1 / PG 
32:2 / PG 32:1 and PG 32:0, were clearly affected by the inhibitor and also showed 
significantly increased levels in cells incubated with UV-treated HCoV-229E (Supplemental 
Table 1), indicating cellular responses in lipid metabolism to viral receptor binding and/or 
entry that, at least in part, might overlap with redirections of specific metabolic networks 


caused by the inhibition of PLAza activity. 


Taken together, these results show that coronavirus replication stimulates cellular LPL 
production which, together with the PLAzsa inhibition data presented above, supports the idea 


that LPLs play an important role in DMV formation and viral replication. 


Effect of cPLA.a inhibition on the replication of other viruses. The observed critical role 
of CPLA>sa activity in modulating cellular membrane structures and total LPL content in 
HCoV-229E-infected cells prompted us to investigate potential antiviral effects of 
CPLA>sa inhibitors on other viruses, including viruses that are known to rearrange intracellular 
membrane structures and compartments. First, we analyzed the effect of Py-2 treatment on 
another coronavirus, MERS-CoV, which, due to its pathogenicity and the large number of 
MERS-related deaths, has attracted significant attention (8). For MERS-CoV, a drastic 
inhibition of viral replication in Huh-7 and Vero cells was observed in the presence of Py-2, 
demonstrating that cPLA2sa has an equally important role for alpha- and betacoronavirus 
replication (Fig. 9A). An antiviral effect of Py-2 could also be confirmed for SFV (Fig. 9B), 
suggesting that cPLAza activity may also be involved in the replication of members of the 
family Togaviridae. In contrast, virus reproduction of other viruses included in this study was 
not affected by Py-2. Thus, for example, antiviral effects of the cPLA>sa inhibitor were not 
confirmed for HRV and PV (family Picornaviridae) (Fig. 9C, D). Also, vaccinia virus, a DNA 
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virus from the family Poxviridae that is known to induce major rearrangements of host cell 
membranes, was not found to be affected by Py-2 (Fig. 9E). As another control, we included 
IAV (family Orthomyxoviridae) in this study because this virus replicates in the nucleus and 
does not produce membranous ROs in the host cell cytoplasm. Even with 40uM of Py-2, IAV 
replication was not inhibited (Fig. 9F). Taken together, these data suggest critical (but 
different) functions of cPLAsa activity in the replication of viruses representing diferent virus 


families. 
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Discussion 

Despite their enormous genetic diversity, virtually all +RNA viruses employ specialized 
membrane compartments (ROs) as structural scaffolds for their multi-subunit replication 
machinery (60, 61). Because of their essential role in viral RNA synthesis, the viral and 
cellular factors involved in the formation of ROs are thought to represent potential drug 
targets for antiviral intervention and, in line with this, a number of small-molecule inhibitors of 
enzymes or signalling molecules involved in cellular lipid metabolism and membrane 
rearrangements have been reported to be effective against specific +RNA viruses or even a 
group of related viruses from the same genus or family (reviewed in (62)). However, there Is 
also evidence that cellular factors and structures involved in the formation and function(s) of 
viral ROs are more diverse than previously thought, with significant differences being 
reported even for closely related viruses (63). The available evidence suggesis that a 
detailed understanding of the RO structures of specific +RNA viruses and virus families will 
be required to identify suitable targets for therapeutic intervention. Obviously, the 
identification of essential factors and metabolic and/or signalling pathways conserved across 
different genera and families would be highly desirable, possibly paving the way for the 


development of broad-spectrum antivirals. 


In this study, we have been able to show that the pharmacological inhibition of a cellular 
phospholipase, cPLAzsa, using a specific small-molecule inhibitor drastically reduces 
coronavirus RNA synthesis and, as a consequence, protein accumulation and the production 
of infectious virus progeny. The data suggest that the inhibition of cCPLA2a activity blocks an 
early step in the viral replication cycle, most likely, the formation of virus-induced ROs. The 
cCPLAca activity was confirmed to be required for coronavirus replication, as shown for HCoV- 
229E (genus Alphacoronavirus) and MERS-CoV (genus Betacoronavirus), but the 
CPLAca inhibitor was also effective against SFV, a member of the family JTogaviridae, 
demonstrating that this phospholipase activity produces specific lipid compounds that are 


essential for the replication of phylogenetically diverse +RNA viruses. The precise role of 
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CPLAsa in the production of fully functional ROs remains to be established. One of the 
products generated by cPLAsa is AA, an important signaling molecule and precursor of the 
eicosanoid family of potent inflammatory mediators, such as prostaglandins, leukotrienes, 
lipoxins, and thromboxanes (64). Among other functions, AA might indirectly affect 
membrane formation and trafficking events by modulating specific signaling pathways in 
coronavirus-infected cells. To address this possibility, we performed a small number of 
experiments using inhibitors of COX1/2 and LOX, two key enzymes requiring AA as a 
precursor. None of these inhibitors was found to have an effect on coronavirus replication 
(Fig. 2A and (57)), contradicting a major role of AA-dependent pathways involving COX1/2 
and LOX and their products in coronavirus replication, at least in vitro. Consistent with this 
hypothesis, the addition of AA to the cell culture medium failed to restore coronavirus 
replication in Py-2-treated cells (unpublished data). Based on this data and although we 
cannot formally exclude other roles of AA in coronavirus replication, we consider it more 
likely that the LPLs (rather than AA) produced by cPLAsa have critical functions in 
coronavirus replication and, particularly, in the formation of virus-induced ROs. LPLs are 
found in relatively small amounts in biological membranes, yet play important roles in a wide 
range of processes involving membrane remodeling as well as membrane/protein and 
membrane/membrane interactions (65). Also, it is Known that changes in the lipid 
composition of membranes may be associated with membrane fusion and fission processes 
(66). According to the “bilayer couple hypothesis” (67), the two leaflets of a lipid bilayer are 
tightly coupled, with asymmetric changes in one leaflet having the potential to induce major 
structural changes, such as membrane bending, fission and fusion (68-70). Thus, for 
example, asymmetric cleavage of phospholipids in a lipid bilayer by cPLAsa (the latter 
converting cylindrical phospholipids into cone-shaped LPLs) can be expected to induce 
membrane curvature which, in turn, may trigger the formation of vesicular membrane 
structures as demonstrated previously for cPLA2za-mediated membrane-modulating activities 
involved in tubulation and vesiculation processes of the Golgi complex, the vesiculation of 


CD59-containing endosomes, and lipid droplet formation (71-74). 
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There is also evidence that, independent from its enzymatic activity, cPLA2z« may change the 
membrane phospholipid packing through its hydrophobic C2 domain to induce the 
membrane bending required for phagosome formation in macrophages (75, 76). In addition 
to cPLAza and related phospholipases, a large number of other factors have been shown to 


induce membrane curvature in diverse biological systems (for recent reviews, see (77-79)). 


To provide additional evidence for specific lipid classes, particularly LPLs, playing an 
important role in coronavirus replication, whole cell lipidome analyses of coronavirus-infected 
cells were performed in this study. We were able to show that phoshatidic acid (PA) species 
are downregulated whereas Cer and LPL species are upregulated in HCoV-229E-infected 
cells (Fig. 8, Suppl. Table 1). PA is a key intermediate in the synthesis of 
glycerophospholipids and triacylglycerids and an important lipid mediator that is involved in 
diverse cellular functions including vesicular trafficking, cytoskeletal changes, secretion and 
membrane alterations (80, 81). Possible biological implications of the observed 


downregulation of PA remain to be studied. 


The observed upregulation of bioactive Cer may indicate a cellular response to coronavirus 
replication or even a possible role of Cer in supporting coronaviral replication. Cer is known 
to induce apoptosis and autophagy (reviewed in (82)). It remains to be studied if (and to what 
extent) Cer contributes to autophagy and apoptosis in coronavirus-infected cells. Both 
processes have been suggested to be involved in coronavirus replication and represent 
emerging fields of coronavirus research with partially controversial information being reported 


for different viral and cellular systems (27, 28, 83-90). 


Cer-rich domains are also known to increase the rigidity and stability of membranes. Cer is a 
cone-shaped lipid that is able to induce negative curvature, thereby promoting inward 


budding of membranes (91) and thus, possibly, facilitating the formation of DMVs. In support 
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of this, Cer was reported to be redistributed to West nile virus (WNV)-induced ROs in 
infected Vero cells (92) while DENV, another member of the family of Flaviviridae, was found 
to induce an increase in both Cer and LPL abundances in infected C6/36 mosquito cells (33). 
Interestingly, the study by Atepe ef al. (92) also showed that inhibition of Cer synthesis has 
detrimental effects on WNV (strain Kunjin) replication while the replication of DENV serotype 
2 strain New Guinea C was found to be enhanced, suggesting that the effects of Cer and 
Cer-derived lipids on +RNA virus replication are complex and, potentially, virus (strain) 
specific. Clearly, more studies are needed to obtain a better understanding of possible roles 


of Cer in viral replication. 


In the context of this study, it was of particular interest to show that there is a significant 
increase of the LPL content in coronavirus-infected cells. This increase was not detected in 
infected cells treated with cPLAza inhibitor, thus strongly supporting a critical involvement of 
CPLAca activity in producing these increased LPL levels in infected cells. Furthermore, a co- 
localization of dSRNA with sn-2-cleaved fluorogenic LPLs was observed by fluorescence 
microscopy in virus-infected cells at 12 h p.i.. Together, these observations support the idea 
that LPLs generated by cPLAza are functionally relevant components of ROs produced in 


coronavirus-infected cells. 


In a previous study, inhibition of cCPLAsa activity by Py-2 was shown to affect HCV replication 
in vitro (40). However, in this case, the formation of HCV-induced ROs (‘membranous web’) 
and viral RNA synthesis was not evidently affected. Instead, the production of infectious virus 
progeny was found to be reduced, most probably, by a reduction of lipid droplets required for 
HCV particle formation (40, 73). Furthermore, changes in the cellular lipidomes, including 
LPLs, were reported for cells infected with HCV and DENV, respectively (83, 93), further 
corroborating the hypothesis that LPLs have important but diverse functions in different 


+RNA virus systems. 
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To explore potential inhibitory effects of Py-2, several other viruses known to rearrange 
cellular membranes were included in this study. AS mentioned above, the replication of 
MERS-CoV (genus Betacoronavirus) and SFV (family Togaviridae) was inhibited in the 
presence of Py-2, identifying cPLA2sa as an important host factor for +RNA virus replication. 
By contrast, poliovirus 1 and human rhinovirus A1 (family Picornaviridae) were not affected 
by the cPLAsa inhibitor. Likewise, vaccinia virus (family Poxviridae), a DNA virus that is 
known to induce major rearrangements of cytoplasmic membranes (25), was not inhibited by 
the cPLAza inhibitor. Finally, influenza A virus, a negative-strand RNA virus that replicates in 
the nucleus and does not induce specific ROs in the cytoplasm, was not affected by the 
CPLAosa inhibitor. Taken together, these inhibition data lead us to suggest that the formation 
of ROs of coronaviruses and, possibly, several other +RNA viruses depend on specific LPLs 
produced by cellular cPLA» activities. The selective inhibitory effects observed for members 
of only a few +RNA virus families suggest very specific lipid requirements for these viruses 
and contradict potential nonspecific/toxic effects being responsible for the observed antiviral 
effects of Py-2 against corona- and alphaviruses. To our knowledge, the study provides the 
first in-depth analysis of cellular lipidome changes in coronavirus-infected cells and adds to 
the list of lipids and lipid-metabolizing enzymes confirmed to be involved in +RNA virus 
replication and, possibly, suitable as targets for antiviral small-molecule inhibitors. However, 
given the diverse structures, origins and lipid/protein compositions of virus-induced ROs, the 
study supports previous conclusions that the inhibition of viral RO formation by targeting 


highly (or even universally) conserved cellular factors remains a challenging goal (60, 61). 
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Figure legends 


Fig. 1. Production of infectious HCoV-229E progeny in cell culture is inhibited by the 
CPLAza inhibitor Py-2. (A) MTT assay of Huh-7, BEAS-B2 and MRC-5 cells, respectively, 
that were treated with the indicated concentrations of Py-2 for 12 h. Cell viability was 
determined using a tetrazolium-based reagent. (B-D) Virus titers (pfu/ml) in cell culture 
supernatants collected from Py-2-treated and HCoV-229E-infected Huh-7 (B), MRC-5 (C), 
and BEAS-B2 (D) cells, respectively, at 12 h p.i.. Cells were infected with an MOI of 3. At 2 h 
p.i., the virus inocula were replaced with cell culture medium containing the indicated 
concentrations of Py-2. (E) Growth curves of HCoV-229E in the presence or absence of Py-2 
using Huh-7 cells infected at an MOI of 3. At 2 h p.i., the virus inocula were replaced with cell 
culture medium containing the indicated concentrations of Py-2. Supernatants were collected 
at 10, 12, 15, 21, and 24 h p.i., respectively, and virus titers were determined by plaque 


assay. 


Fig. 2. Antiviral activities of the PLA, inhibitor AACOCF3 and of p38 and MEK 
inhibitors in coronavirus replication. (A) MTT assay of Huh-7 cells treated for 12 h with 
the indicated concentrations of AACOCF3. Cell viability (compared to untreated cells) was 
determined using a tetrazolium-based reagent. (B) Huh-7 cells were infected with HCoV- 
229E (MOI of 3). After 2 h, the virus inoculum was replaced with cell culture medium 
containing the indicated concentrations of AACOCFS. At 12 h p.i., cell culture supernatants 
were collected and used to determine virus titers by focus-forming assay. (C, D) Huh-7 cells 
were infected with HCoV-229E (MOI of 1) and treated with the indicated concentrations of 
the p38 inhibitor SB203580 and/or the MEK inhibitor U0126 as indicated (C) or the 
lipoxygenase inhibitor TEDC-2 (D). Virus titers in cell culture supernatants collected at 24 h 
p.i. were determined by plague assay. Significance levels were determined by two-tailed 
unpaired Student's t test and are indicated in panels B and C as follows: * p<0.05; ** 


p<0.005; *** p<0.0005 (compared to untreated cells). 
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Fig. 3. Time- and concentration-dependent inhibition of HCoV-229E replication in Huh- 
7 cells by the cPLAza inhibitor Py-2. (A) Immunofluorescence analysis of N protein 
expression in Huh-7 cells infected with HCoV-229E at an MOI of 3 in the presence or 
absence of 20 uM Py-2. (B) Western blot analysis of HCoV-229E nonstructural (nsp8) and 
structural (N) protein accumulation at 12 h p.i. in Py-2-treated Huh-7 cells (MOI of 3). Actin 
was used as loading control. (C) Northern blot analysis of viral RNA in HCoV-229E-infected 
Huh-7 cells (MOI of 3) at 12 h p.i. Cells were kept in medium containing the indicated 
concentrations of Py-2. The positions of viral genomic and major subgenomic RNAs (2, 4, 5, 
6, and 7) are indicated. (D) Time-dependent antiviral effects of Py-2. HCoV-229E-infected 
cells were treated with CPLAza inhibitor (20 uM Py-2) for different time periods p.i. as 
indicated below. Production of infectious virus progeny was determined using (pooled) cell 
culture supernatants collected until 12 h p.i.. Virus titers were determined and compared to 
the titer determined for infected (but untreated) cells. Experiments were done in triplicate. 
Significance levels determined by two-tailed unpaired Student's ¢ test are indicated as 


follows: * p<0.05; ** p<0.005; *** p<0.0005. 


Fig. 4. Inhibition of coronavirus RTC formation in Py-2-treated cells. Huh-7 cells were 
mock infected or infected with HCoV-229E (MOI of 3) and incubated in the presence or 
absence of 20 uM Py-2 as indicated. At 12 h p.i., the cells were fixed with 3.7% 
paraformaldehyde and analyzed by immunofluorescence microscopy using antibodies 
specific for dsRNA (red signal) and nonstructural protein 8 (nsp8; green signal), respectively, 


to monitor the formation of viral RTCs in infected cells. 


Fig. 5. Immunofluorescence analysis of dSRNA and nascent RNA in HCoV-229E- 
infected cells. (A) 3D immunofluorescence analysis of Z-stacks (Imaris) of representative 
HCoV-229E-infected Huh-7 cells (MOI of 3) in the absence or presence of 20 uM Py-2 using 


a dsSRNA-specific antibody (red signal). (B) Huh-7 cells were infected with HCoV-229E (MOI 
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of 3). At 1 h p.i., the virus inoclum was replaced with medium containing 20 uM actinomycin 
D to inhibit cellular DNA-dependent RNA synthesis. At 11 h p.i., the cell culture medium was 
supplemented with 1 mM 5-EU. At 12 h p.i., the cells were fixed and detection of 
incorporated alkyne-modified 5-EU was detected using click chemistry (see Material and 
Methods). Nuclei were stained with DAPI (blue signal) and dsRNA was stained using a 


dsRNA-specific mAb (red signal). 


Fig. 6. Py-2 reduces the formation of DMVs. Huh-7 cells were infected with HCoV-229E 
(MOI of 3) and incubated in the absence (A, B) or presence (C, D) of 20 uM Py-2 in the cell 
culture medium. At 12 h p.i., the cells were fixed with glutaraldehyde, embedded and 
analyzed by transmission electron microscopy (EM912a/b; Zeiss) at 120 kV. The 
representative images included in this figure were selected from >100 images captured in 
two independent experiments (see below). (E, F) Time-dependent effects of Py-2 on DMV 
and intracellular virus (ICV) production in HCoV-229E-infected cells. Py-2 (20 uM) was 
included in the cell culture medium for the indicated times p.i.. Inf, HCoV-infected cells 
without inhibitor. (E) Percentage of cells in which DMVs and ICVs, respectively, could be 
identified (for details, see Material and Methods). (F) Numbers of DMVs detected per cell (for 
details, see Material and Methods). Significance levels determined by two-tailed unpaired 
Student’s t test are indicated in panels E and F as follows: * p<0.05; ** p<0.005; *** p<0.0005 


(compared to untreated cells; n(inf) = 154, n(2-12 h) = 190, n(2-7h) = 135, n(7-12h) = 107) 


Fig. 7. Coronavirus RTCs colocalize with LPLs produced by cPLAza activity. Huh-7 
cells were infected with HCoV-229E (MOI of 3) and incubated with PC-A2, a fluorogenic 
PLAsa substrate suitable to detect LPLs produced by cPLAsa cleavage at the sn-2 position of 
phospholipids. At 12 h p.i., the cells were fixed and immunostained for dsRNA. Colocalization 
signals were calculated for the total images shown in rows 3, 4 and 5, 6, respectively, and 


are displayed separately (right column). Colocalization rates and PCCs are indicated (for 
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details, see Material and Methods). Insets indicate regions of interest displayed at higher 


magnification in the next row. 


Fig. 8. Coronavirus replication is associated with an increase of the cellular LPL 
content. Quantities of selected lipid classes and categories were determined using shotgun 
lipidomics. Shown are the results for Huh-7 cells alone, Huh-7 cells incubated with UV- 
inactivated HCoV-229E, Huh-7 cells infected with HCoV-229E, and Huh-7 cells infected with 
HCoV-229E and treated with 20 uM Py-2 as indicated to the left. (A) Abundance of all 
membrane lipids detected in the samples. (B) Abundance of neutral lipids representing the 
sum of triacylglycerols (TAG), diacylglycerol (DAG), and cholesterylesters (CE). Also shown 
are the abundances of phosphatidic acids (PA) (C), ceramides (D), lysophospholipids (LPL) 
(E) and phosphatidylglycerols (PG) (F). Significance levels were determined by two-tailed 
unpaired Student’s t test and are indicated as follows: * p<0.05; ** p<0.005; *** p<0.0005. 
For a complete data set of individual lipid species, see Supplemental Tables 1 and 2. 


Abundances are given in arbitrary units (a.u.). 


Fig. 9. Effects of cPLA2a inhibition on the replication of other viruses. Cells were 
infected with MERS-CoV (Huh-7, Vero) (A), SFV (BHK-21) (B), human rhinovirus 1A (HeLa) 
(C), poliovirus (Vero) (D), vaccinia virus (Huh-7) (E), and influenza A virus (A549) (F), 
respectively, with an MOI of 3. At 2 h p.i., the virus inocula were replaced with medium 
supplemented with the indicated concentrations of Py-2. At 12 h p.i., supernatants were 
collected and virus titers were determined by focus-forming assay (ffu/ml) or plaque assay 
(pfu/ml). Experiments were done in triplicate. Significance levels were determined by two- 
tailed unpaired Student's t test and are indicated as follows: * p<0.05; ** p<0.005 (compared 


to titers obtained with untreated cells). 
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